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ABSTRACT
Anthropogenic litter (i.e., trash; AL) is increasing in aquatic ecosystems worldwide. AL
shows a patchy, uneven distribution in lotic ecosystems due to heterogeneity in its sources, how
it moves, and mechanisms of retention. In addition, the diversity of material types, size, and
mobility makes developing techniques to measure AL assemblage in rivers a challenge. In rivers,
watershed land-use and riparian features likely impact AL abundance and composition, but this
impact is not fully understood. Measuring AL can be time consuming and labor intensive, so
rapid assessments are needed for ecosystem managers to quantify the level of AL impairment in
a stream. The objectives of the research in this thesis were to 1) quantify the relationship
between AL abundance, mass, and composition in streams to different watershed land use and a
range of riparian features and 2) determine the efficacy of two rapid AL measurement methods:
a qualitative assessment and a visual tally. We measured AL in 30-m reaches of 9 streams across
northeast Illinois which span a gradient of land use and biological quality using the 2 rapid
methods and manual collection. Results showed AL abundance (as No./m2) and the proportion of
AL produced from single-use items (i.e., plastic and glass) were positively related to urban
watershed land use, population density, and impervious surface cover and negatively related to
agricultural land use. Local features that increase access to the river (e.g., proximity to roads and
urbanized riparian zones) were associated with higher AL. The visual tally was predictive of AL
density across sites as revealed through manual collection but underestimated total AL,
particularly for ‘cryptic’ categories (i.e., easily overlooked or layered materials). Accurately
x

quantifying AL abundance, composition, and relationships with watershed and stream features is
essential to identifying the sources, transport, and fate of AL as well as supporting successful
management of AL in streams.

xi

CHAPTER 1
BACKGROUND AND LITERATURE REVIEW
Introduction
Anthropogenic litter in ecosystems
Ecosystems all over the globe have been altered at an accelerated rate alongside the rapid
increase in the human population since the mid-twentieth century (Steffen et al., 2015a). Causes
of these alterations include resource consumption, land alteration, climate change, and the
production and release of ‘novel entities’ (synthetic chemicals) into ecosystems (Steffen et al.,
2015b). The changes are global in scope, pervasive to all parts of the world, and long-lasting, so
the collective human impacts of our current age suggest Earth is entering a new geologic period,
called the Anthropocene Era (Zalasiewicz et al., 2008, 2016).
One of these novel entities with a global impact is anthropogenic litter (AL; trash), a
diverse and pervasive pollutant in ecosystems worldwide. AL is made up of manufactured items
that have escaped solid waste management and have entered the environment. These items are
made of a diversity of materials including plastic, glass, wood, fabric, metal, ceramic, paper, and
complex combinations of these materials and range in size from small fragments (5 mm) to
entire kitchen appliances (McCormick & Hoellein, 2016; van Emmerik & Schwarz, 2020). AL
has increased in the environment since the widespread industrialization of manufacturing around
the mid-1900s. Looking at plastic AL alone, 380 million megatons (Mt) of plastic were produced
1
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globally in 2015, compared to 2 Mt in 1950 (Geyer, Jambeck & Law, 2017), and in 2010, 4.812.7 Mt of plastic entered the ocean from the world’s coastal countries (Jambeck et al., 2015).
Assessments of sediment record and preserved animal specimens from those time periods
demonstrate that plastic pollution in the environment follows the same pattern (Zalasiewicz et
al., 2016; Brandon, Jones & Ohman, 2019; Hou et al., 2021). Despite its widespread and
increased presence in the environment, the sources, movement, and fate of AL is not fully
understood.
Depending on size and material type, AL retained in ecosystems can interact with
organisms in a variety of ways. Metal debris from abandoned offshore rigging and plastic litter in
urban streams provide habitat for fish and aquatic insects respectively (Caselle et al., 2002;
Wilson et al., 2021). Ingestion, entanglement, and entrapment of organisms within AL has also
been well documented for invertebrates, fish, birds, and mammals (Benedict & Billeter, 2004;
Barnes et al., 2009; Foley et al., 2018). Biohazardous waste, including diapers and feminine
hygiene products, can introduce pathogens to the environment (Williams & Simmons, 1999).
Finally, the unique surface properties of AL substrates (e.g., plastic), alter aquatic microbial
communities by selecting for subsets of species and increasing dispersal (Harrison et al., 2014;
Hoellein et al., 2014; McCormick et al., 2014). Accurate, material-specific assessment will
support research required to document how AL influences biological interactions and ecosystem
health.
Alongside the ecological effects of AL, there are economic and human-health
consequences of mismanaged AL. Irrigation systems can become clogged by littered AL,
reducing the efficiency of farming and diverting farmers’ time towards irrigation maintenance
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(Sulaeman, Arif & Sudarmadji, 2018). AL can also clog street drains, leading to increased flood
risks (Bankoff, 2003). Solid waste landfills that are poorly constructed or not well managed can
allow AL and associated hazardous chemicals to easily escape via the wind, surface water, and
groundwater (Arukwe, Eggen & Möder, 2012). There is also an economic cost of AL. For
example, beaches dense with AL experience depressed visitation (Ballance, Ryan & Turpie,
2000), and its clean up poses additional cost (Rochman et al., 2013a)
Anthropogenic litter in rivers
The study of AL in the environment, especially plastic, has its origins in marine biology.
The earliest studies on AL found floating plastic in surface waters of the open ocean (Carpenter
& Smith, 1972). Since then, the study of plastic in the ocean has generated a large body of
research concluding that plastic items and microplastics (< 5mm ) are ubiquitous in the ocean,
including in the vast water column and deep ocean (Barnes et al., 2009; Choy et al., 2019;
Jamieson et al., 2021). While the ocean is a key sink for plastics and other AL, research on all
AL categories in other habitats, including terrestrial, atmospheric, and freshwater, is quickly
emerging, and will be needed to fill in the global perspective on AL pollution. In recent years,
there has been an emerging focus on the dynamics of AL within rivers rather than assuming rives
are only a point source of AL and plastic to oceans. That is, rivers are not simply conduits of AL
to downstream habitats, they are also complex ecosystems where AL can be imported or
exported from the surrounding watershed or retained for both short and long time periods
(Hoellein & Rochman, 2021). Riverine ecosystems provide essential services to both humans
and wildlife and as such require a better understanding of how AL interacts within them (van
Emmerik & Schwarz, 2020; Hoellein & Rochman, 2021).
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Once AL enters a river, it can be retained (for short or long time scales), broken down, or
transported downstream (van Emmerik & Schwarz, 2020). Studies which examine the spatial
distribution of AL in rivers offer some insight into how AL is retained and exported. For
example, Williams and Simmons (1997) found that plastic sheets were easily caught on
vegetation and substrate during low flow conditions and could be retained within a 100m reach
for weeks. McCormick and Hoellein (2016) found that items with complex shapes were more
likely to be retained in riparian zones, but that items of all types were more likely to be exported
from a site if they were within 3 m of the water’s edge due to redistribution from flooding.
Breakdown rates of AL are highly variable among material types, and are typically very long
(Ezuber, El-Houd & El-Shawesh, 2008; Gewert, Plassmann & MacLeod, 2015) suggesting that
retention or export will drive AL abundance within a river more than biological or abiotic
processes which control breakdown.
The movement of AL in rivers align well with researchers fundamental understanding of
how natural materials are transported in riverine ecosystems. That is, particles and solutes enter
streams are moved downstream in 'spiraling fashion', settling and resuspending as they are also
moved downstream. Microplastic particle transport has been studied along other forms of
allochthonous carbon in streams and has been shown to follow similar spiraling patterns when
accounting for physical characteristics like size and buoyancy (Hoellein et al., 2019). Transport
patterns of other categories of AL can be studied in the context of other natural analogs (i.e.
plastic wrappers alongside leaf litter; glass or ceramic alongside rocks). By applying basic
principles of particle transport to novel materials, scientists are better positioned to quantify the
environmental factors which drive its distribution in rivers.
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Relationship between AL and land-use at reach and watershed-scale
Characteristics of reach-scale (100 m) riparian features, including vegetation, stormwater
management infrastructure, proximity to roads and trails, and constructed features such as
bridges, impact pollution, including AL, in streams. For example, riparian vegetation and
wetlands reduce the input of suspended solids, phosphorous, and nitrogen to streams (Gilliam,
1994). Combined sewer outfalls (CSOs), which release untreated sewage into rivers during flood
events, input chemical and pathogenic microbes into urban rivers. In addition, CSOs are sources
of AL into rivers, including personal care and feminine hygiene products (Williams & Simmons,
1999; Morritt et al., 2014). Trails, roads, and bridges can increase the likelihood of AL entering
streams and riparian zones via littering (McCormick & Hoellein, 2016; Kiessling et al., 2019).
Finally, various human-made structures such as bridges, piers, pipes, and culverts may act as
retention sites for AL, increasing AL abundance in localized ‘hot-spots’, as has been documented
for beaches (Lazcano, Vincent & Hoellein, 2020). Overall, multiple factors at the stream-reach
scale impact AL input and retention, but the impact of riparian features on AL composition in
streams is not yet well understood.
Watershed-scale features (i.e. land use, impervious surface cover, and population density)
are also connected to the presence and concentration of a wide variety of pollutants in rivers, and
likely also drive AL abundance and composition, although this is yet not well studied. Urban
land use is associated with a greater density and variety of pollutant sources, including heavy
metals, oil, pharmaceuticals, and wastewater-associated bacteria in flowing waters, attributed to
effluent from industrial plants and wastewater treatment plants (WWTPs) and stormwater runoff
(Paul & Meyer, 2001; Masoner et al., 2019). Increased impervious surface cover, an attribute of
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urban watersheds, impacts movement of pollutants through urban streams by generating
‘flashier’ discharge patterns, where more intense flood events increase suspended solids and
water turbidity (Walsh et al., 2005). Similarly, agricultural land use in the midwestern United
States is associated with higher concentrations of nitrogen and phosphorous from fertilizer and
manure, along with flashier discharge (i.e., tile drained fields)(Arango & Tank, 2008). Studies of
AL on beaches have shown that proximity to urban centers leads to higher AL accumulation
(Rech et al., 2014; Hoellein et al., 2015; Willis et al., 2017), but few studies have quantified
relationships between watershed land use and AL density and composition in rivers
(McCormick & Hoellein, 2016; Cowger, Gray & Schultz, 2019).
Assessment of stream health
Since the passage of the Clean Water Act in 1972, standards of stream health have been
developed and implemented in the United States. These standards, also known as designated
uses, are based on the functions that streams perform as natural resources and ecosystems. In the
state of Illinois, the designated uses that are assessed include aesthetic quality, aquatic life, fish
consumption, primary contact, and public and food processing water supply (Ilinois
Environmental Protection Agency Bureau of Water, 2014). When standards are not attained, a
stream is designated as ‘impaired’ or unable to maintain its designated use (USEPA, 2012).
AL is largely unregulated in the United States and is therefore not considered a pollutant
by federal or state environmental management agencies. However, some governance bodies have
developed policies to classify AL as a pollutant and will require protocols for ecosystem
managers to determine compliance. Total Maximum Daily Loads (TMDLs) are used to monitor
concentrations of pollutants like phosphorous, nitrogen, and metals, and have been used for other
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types of pollution like heat sources and sediment (Miano, Gable & O’Neil, 2018). California has
developed a TMDL for trash (i.e., AL) within state waters (California Regional Water Quality
Control Board, 2007). If trash is present in concentrations higher than the TMDL permits, the
water body will be listed as ‘impaired’ and further mitigation strategies must be implemented.
However, no standardized method yet exists for assessing compliance (State of California,
2012).
As an emerging pollutant, it is essential that consistent methods of assessing the presence of
AL are developed and adopted. Developing accurate techniques that measure the abundance and
composition of AL in rivers is a challenge because it varies in material, shape, and size (Rochman
et al., 2019; Fig 1). A shortcoming of some current methods in AL research is that categories and
units used to describe AL are inconsistent across studies, and reveal different aspects of AL
abundance (Earll et al., 2000; Hoellein et al., 2015; Baldwin, Corsi & Mason, 2016; GonzálezFernández & Hanke, 2017). Quantifying AL by mass (g/m2), volume (m3/m2), or count (Number
(No.)/m2) results in different conclusions about abundance due to variation in material mass and
density. Studies of microplastics demonstrate that an item can be abundant by count but altogether
represent a relatively low mass (Eriksen et al., 2013). Conversely, electrical appliances occur rarely
by count, but because of their size and weight, generate a high value for AL abundance by mass or
volume (Robinson, 2009). Quantification of count, mass, and volume require consideration of
different logistics and can AL measurements require standardization to enhance comparisons
across studies, extrapolate to large scales, and inform emerging needs for ecosystem mangers.
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Thesis objectives
This this includes two projects that use AL data from 9 streams typical of conditions in
northern Illinois. In chapter 2, we quantified the relationship between AL abundance, mass, and
composition with both watershed and riparian features. In chapter 3, we assessed the efficacy of
two rapid AL assessment methods developed for use alongside other assessments of stream
health. The results of this thesis will inform our understanding AL sources and sinks within
rivers, advise policy around AL mitigation and removal strategies, and expand the tools
available for researchers and stream managers for assessing the AL present in wadable streams
by proposing a rapid AL assessment protocol.

9

Figure 1. Examples of anthropogenic litter collected as part of this research. Examples vary in
size, shape, and material type.

CHAPTER 2
LANDSCAPE AND LOCAL FEATURES RELATIONSHIP WITH AL COMMUNITIES
Introduction
Studies on the abundance and ecological impacts of anthropogenic litter (i.e., trash; AL)
are increasing in ecosystems worldwide (Robinson, 2009; Barnes et al., 2009; Jambeck et al.,
2015; Worm et al., 2017; Hoellein & Rochman, 2021). AL includes a diversity of materials,
including items made of plastic, glass, wood, paper, and metal, and a wide range of sizes, from
small plastic fragments to kitchen appliances (McCormick & Hoellein, 2016; van Emmerik &
Schwarz, 2020). Production of consumer goods with limited useful lifespans has accelerated
since the mid-1900s, increasing waste generation and litter. For example, in 2015, 380 million
megatons (Mt) of plastic were produced globally, compared to 2 Mt in 1950 (Geyer et al., 2017),
and in 2010, 4.8-12.7 Mt of plastic entered the ocean from the world’s coastal countries
(Jambeck et al., 2015). As AL increases in the environment, robust assessments of its sources,
fate, and biological interactions are needed.
While much of AL research has focused on marine habitats, AL also enters, interacts
with, and moves through riverine ecosystems (van Emmerik & Schwarz, 2020; Hoellein &
Rochman, 2021). Understanding AL abundance and composition in streams can be guided by
well understood paradigms for other common pollutants, such as the influence of reach-scale
10
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(100 m) riparian features, including vegetation, stormwater management, proximity to roads and
trains, and constructed features such as bridges. For example, riparian vegetation and wetlands
reduce the input of suspended solids, phosphorous, and nitrogen to streams (Gilliam, 1994).
Riparian vegetation may also reduce AL input to streams, but this hasn’t yet been examined.
Combined sewer outfalls (CSOs), which release untreated sewage into rivers during flood events,
input chemicals and pathogenic microbes into urban rivers. In addition, CSOs are sources of AL
into rivers, including personal care and feminine hygiene products (Williams & Simmons, 1999;
Morritt et al., 2014). Trails, roads, and bridges can increase the likelihood of AL entering
streams and riparian zones via littering (McCormick & Hoellein, 2016; Kiessling et al., 2019).
Finally, various human-made structures such as bridges, piers, pipes, and culverts may act as
retention sites for AL, increasing AL abundance in localized ‘hot-spots’, as has been documented
for beaches (Lazcano et al. 2020). Overall, multiple factors at the stream-reach scale impact AL
input and retention, but the impact of riparian features on AL composition in streams is not yet
well understood.
Watershed-scale features (i.e. land use, impervious surface cover, and population density)
are also connected to the presence and concentration of a wide variety of pollutants in rivers, and
likely drive AL abundance and composition, although this is yet not well studied. Urban land use
is associated with a greater density and variety of pollution sources in flowing waters, including
heavy metals, oil, pharmaceuticals, and wastewater-associated bacteria, attributed to effluent
from industrial plants and wastewater treatment plants (WWTPs) and stormwater runoff (Paul &
Meyer, 2001; Masoner et al., 2019). Increased impervious surface cover, an attribute of urban
watersheds, impacts movement of pollutants through urban streams by generating ‘flashier’
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discharge patterns, where more intense flood events increase suspended solids and turbidity
(Walsh et al., 2005). Similarly, agricultural land use in the midwestern United States is
associated with higher concentrations of nitrogen and phosphorous from fertilizer and manure,
along with flashier discharge (i.e., tile drained fields)(Arango & Tank, 2008). While watershed
land use is likely related to AL abundance and composition, few studies have quantified
relationships between watershed land use and AL density and composition in rivers (McCormick
& Hoellein, 2016; Cowger, Gray & Schultz, 2019).
We aimed to measure the relative influence of watershed land-use and riparian features
on the abundance and composition of AL ‘communities’ (as abundance, mass, and composition)
in rivers. We predicted that AL would have a positive relationship with watershed-scale
characteristics including urban land use, impervious surface cover, and population density.
Similarly, we expected a negative relationship between AL and agricultural land use. We
predicted that in more urban watersheds, AL would be dominated by plastic and glass, as those
items are likely to represent single use materials commonly littered (McCormick & Hoellein,
2016). In predominantly agricultural watersheds, we expected AL composition would be
dominated by large and construction items, categories more likely to represent illegal dumping
(Williams & Simmons, 1999). For the riparian features, we predicted that the reaches with urban
riparian characteristics (i.e., proximity to public roads and trails, presence of stormwater
infrastructure) as well as reaches with bridges and debris dams would have high AL, while
reaches with riparian conditions that were forested and agricultural would have less AL.
Understanding these relationships is critical to develop mechanistic predictions on AL
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abundance and composition in flowing waters, a key first step to assist in development of AL
mitigation and management.
Materials and Methods
Study streams and reaches
We selected 9 study streams in northeastern Illinois that represented a range of riparian
land use and ecosystem conditions (i.e., macroinvertebrate and fish index of biological integrity;
mIMI and fIMI, respectively) typical of the region. The riparian land use data were obtained
from the Illinois Environmental Protection Agency (IEPA) on February 14th 2019, based on their
analysis of Google Earth land use data. Watershed land use was identified using the USGS
National Land Cover Database and condensed into four land use categories: agricultural,
open/forested, urban, and open water (Yang et al., 2018). Four of the streams were located in
watersheds with > 60% agricultural land cover, five were in watersheds with > 60% urban land
cover. Each reach was visited before collection to ensure it was safe and shallow enough to
collect from at base flow.
To quantify AL density, we followed the AL collection protocol established by the
Southern California Coastal Water Research Project (SCCWRP) Field Testing and Analysis Plan
(Moore & Hale, 2018). We visited each reach in fall 2018 or spring-fall 2019 (Table 1) and all
AL quantification took place during base flow conditions. The assessment team personnel varied
but always consisted of the same team leader and had between 3-6 people (Table 1). At each
stream, we delineated three, 30 m reaches for AL quantification. The exception was the North
Branch Chicago River, where nine reaches were assessed. The nine reaches were included as an
artifact of a separate study based on proximity to stream features (bridges, debris dams, and
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sewer outfalls) (Fig 2). Because identical methods were used and collections were conducted in
the same time period as this study, we included data from all 9 reaches in the North Branch
Chicago River here.
At each 30 m reach, we measured stream width across 3 transects: Transect A (the
upstream end), Transect B (15 m downstream of A), and Transect C (30 m downstream of A)
(Fig 3). At each transect, both wetted and bankfull width were measured and marker flags were
placed at bankfull width. As part of the SCCWRP protocol, using a short survey, we collected
data about stream features (Fig 4), such as indicating the ease of bank access (i.e., easy,
moderate, or hard), and whether a trail, road, or parking lot was visible. Whenever possible, a
reach was delineated such that any obvious feature such as a bridge, sewer outfall, or a debris
dam was at its midpoint (transect B). If these features were not present, the reaches were
separated by a minimum of a 2 m buffer.
AL Assessment
Before beginning AL collection, assessment team members familiarized themselves with
the data sheet in the SCWRRP protocol that included 9 categories (i.e., plastic, fabric/cloth,
large, biodegradable, biohazard, construction, glass, metal, and miscellaneous) and specific items
within each (Fig 5). After the reach was delineated, teams began AL assessment using the
qualitative visual assessment, visual tally, and manual collection, completed in that order. The
AL measurements of the qualitative visual assessment and visual tally were analyzed in a
separate study (Chapter 3 of this thesis) and are not considered further in this chapter. This study
includes results from the manual AL collection only, with the aim of comparing in situ AL
density and composition to watershed and reach features which may drive patterns across sites.
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To conduct the manual collection, each assessor was assigned a ‘section’ within the
bankfull width to focus their attention. These sections were roughly 1-5 m wide (depending on
the width of the stream and number of team members) and ran the length of the reach. Assessors
walked the reach from downstream to upstream, collected every piece of AL from their section,
and placed the items into buckets to be brought back to the lab. For sections that were especially
dense with AL (for example, banks with high amounts of broken glass), the entire team worked
through the dense section together. If a piece of AL was too large or dangerous to remove from
the reach, we recorded its dimensions and location in the stream, took a picture, and estimated
mass based on similar items using publicly available data (McCormick and Hoellein 2016). All
AL was brought back to the lab where it was rinsed, dried, counted, weighed, and categorized.
AL that was < 1 cm in size or completely buried under benthic substrate was not considered for
this study. We acknowledge that some items might have been missed by the assessment team
(e.g., partially buried, obscured by biofilms, or <1cm), however, we assume the manual AL
measurement represented the 'actual' AL abundance at the reach.
Data Analysis
For all results, we reported the area-specific abundance of AL as No./m2 or g/m2
(hereafter density and mass, respectively). We used parametric and non-parametric statistics as
the data were a mix of both normal and non-normal distributions, similar to past work on AL
(McNeish et al. 2018, Lazcano et al. 2020). We compared AL density and mass across study
streams, across riparian land-use types, and watershed land use types using a Kruskal-Wallis test
and analysis of variance (ANOVA). We also grouped stream reaches according to results from
the reach characteristics (e.g., evidence of loitering, proximity to trails and roads, combined
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sewer outfalls, bridges, debris dams) and compared across categories using Kruskal-Wallis and
ANOVA. To perform these analyses, we used kruskal.test() and aov() in the R statistical
program. Significant ANOVA results were followed by Tukey’s multiple comparison test
(TukeyHSD() in R). We used linear regressions to observe correlations between the total AL
density and the watershed features (watershed area, population, population density, and relative
abundance of land use types: forested, agricultural, and urban, and impervious surface cover).
Linear regressions were also run for the AL density for each category of AL individually. Each
regression was run using lm() in the R statistical program and tested for normality using the
Shapiro-Wilk test (shapiro.test() in R) and a visualization of a Q-Q plot. If data was non-normal,
it was transformed using square root, natural log, or 4th root transformations. If normality
couldn’t be achieved, even after these transformations, untransformed data was used for analysis.
This occurred most commonly for some AL categories which had multiple zero measurements.
Finally, we conducted a non-metric multidimensional scaling (NMDS) analysis (metaMDS() in
R), comparing the reaches based on the composition of AL that occurred in each reach,
categorized by AL type (N=33). We then performed an analysis of similarity (ANOSIM) using
the anosim() from the Vegan package in R to determine of groupings of sites were significantly
different based on both riparian land use and watershed land use present.

Table 1. Location, dates, and times of each collection, reach area and velocity, and size of assessment teams.

Bunker Hill- Debris Dam
Bunker Hill- Bridge

11/12/2018
11/12/2018

Reach
Area
(m2)
641.25
756.75

Bunker Hill- CSO
Bunker Hill- No Feature
La Bagh- Bridge
Tinley Creek- 1
Tinley Creek- 2
Tinley Creek- 3
Thaddeus Woods- Debris Dam

11/16/2018
11/16/2018
6/11/2019
6/27/2019
6/28/2019
6/29/2019
7/9/2019

555
743.25
591
316.9
294.75
276.2
531.4

0.948
0.948
0.465
0.465
0.465
1.133

1:54
1:42
1:59
0:50
0:38
0:40
1:45

42.008768
41.999721
41.97821
41.644898
41.645283
41.644596
41.989832

-87.793093
-87.785627
-87.740765
-87.766493
-87.765932
-87.76689
-87.764965

3
3
4
4
4
4
5

Thaddeus Woods- Bridge
Thaddeus Woods- No Feature
Thaddeus Woods- CSO
Thorn Creek- 1
Thorn Creek- 2
Thorn Creek- 3
Kellog Ravine- 1

7/9/2019
7/10/2019
7/10/2019
7/11/2019
7/11/2019
7/11/2019
7/23/2019

758.25
549.75
827.25
347.25
345.75
334.5
157.5

1.133
1.133
1.133
0.150
0.150
0.150
0.116

3:15
0:42
2:20
1:52
0:50
1:05
0:30

41.990152
41.98983
41.990193
41.502675
41.503049
41.503399
42.465098

-87.76591
-87.764984
-87.766149
-87.646527
-87.646224
-87.646095
-87.818599

5
5
5
4
4
4
5

Kellog Ravine- 2
Kellog Ravine- 3

7/23/2019
7/23/2019

221.25
163.5

0.116
0.116

1:05
0:40

42.465195
42.465146

-87.81965
-87.818051

5
5

Site Name

Sample
Date

Discharge
(m3/s)

Time
Spent

Latitude

Longitude

Team
Size

0.948
0.948

1:20
1:54

42.000108
42.000195

-87.783519
-87.784441

6
6
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Table 1. Continued (Part 2 of 2)
Reach
Area (m2)
274.5
222.75

Discharge
(m3/s)
0.327
0.327

Time
Spent
0:45
0:30

Latitude

Longitude

Rush Creek- 1
Rush Creek- 2

Sample
Date
7/31/2019
7/31/2019

42.27923
42.279152

-88.687354
-88.686898

Team
Size
4
4

Rush Creek- 3
Beaver Creek- 1
Beaver Creek- 2
Beaver Creek- 3
Somonauk Creek- 1
Somonauk Creek- 2
Somonauk Creek- 3

7/31/2019
8/1/2019
8/1/2019
8/1/2019
8/5/2019
8/5/2019
8/5/2019

268.5
315.75
272.25
310.5
583.5
474.75
628.5

0.327
0.052
0.052
0.052
0.196
0.196
0.196

0:28
0:35
0:46
0:25
0:45
0:40
0:35

42.279367
42.355223
42.355532
42.355697
41.635778
41.636411
41.637022

-88.686625
-88.803464
-88.802968
-88.802572
-88.652064
-88.651764
-88.651468

4
4
4
4
4
4
4

Big Rock- 1
Big Rock- 2
Big Rock- 3
North Creek- 1
North Creek- 2
North Creek- 3

8/6/2019
8/6/2019
8/6/2019
9/20/2019
9/20/2019
9/20/2019

671.25
449.25
650.25
307.5
306
278.25

1.030
1.030
1.030
0.070
0.070
0.070

0:45
0:28
0:50
0:58
0:40
0:47

41.731472
41.731878
41.732293
41.552324
41.552551
41.552505

-88.506696
-88.506865
-88.506913
-87.591301
-87.593133
-87.592478

5
5
5
5
5
5

Site Name
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A

B

Figure 2. Maps of (A) Reach locations chosen within the N. Branch of the Chicago River for
their proximity to stream features, and (B) Streams selected across Illinois based on riparian land
use and biological quality measurements from the IEPA.

Figure 3. Diagram of the assessment area (yellow), showing how the transects were arranged
along the length and width of the reach.
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Figure 4. Page 1 of the field data collection sheet, including statements and questions about stie
data.
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Figure 5. List of the defined categories (bold) and items in each. Assessment team members
familiarized themselves with this categorization system prior to each collection.
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Results
AL abundance by site, watershed land use, and riparian land use
The streams were divided into two groups based on watershed land use (Fig 6; Table 2).
Somonauk, Big Rock, Beaver, and Rush are in watersheds with <10% impervious surface cover
and > 70% agricultural land use. These watersheds are considered ‘agricultural’. North, Thorn,
Kellog, Tinley, and Chicago are in watersheds with > 20% impervious surface cover and > 60%
urban land use. These watersheds are considered ‘urban’.
The patterns for AL abundance varied depending on if it was expressed by count or by
mass. Total AL density (No./m2) was significantly different among the 9 sites (ANOVA,
p<0.001, F=8.907; KW, p=0.001, X2=25.198; Fig 7A), where Thorn and Kellog Creeks (urban
riparian land use) were significantly higher AL than the other sites, and the North Branch
Chicago River (also urban riparian land use) was intermediate. There was no significant
difference for AL mass among the streams as shown by ANOVA (ANOVA, p=0.143, F=1.73),
although when data are ranked transformed Kellog Ravine (urban) and Beaver Creek
(agricultural) had higher AL mass than other sites; KW, p=0.007, X2=20.99; Fig 7B). When
grouped into 3 categories based on riparian land use (agriculture, forest, and urban), the streams
with urban riparian land use had the highest AL density (No/m2), and streams with agricultural
and forested riparian land use had lower AL density (ANOVA, p=0.015, F=9.114; KW, 0.064,
X2=5.5; Fig 8A). When AL was expressed by mass (kg/m2), there was no difference across
categories of riparian land use (ANOVA, p=0.455, F=0.901; KW, p=0.378, X2=1.944; Fig 8C).
When grouped by watershed land use (agriculture vs. urban), there was a pattern of higher in AL
density (No./m2) in urban watersheds relative to agricultural watersheds (ANOVA, p=0.113,
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F=3.274; KW, 0.027, X =4.86; Fig 8B). AL density (No./m ) was more variable across urban
watersheds, while variation across agricultural watersheds was low (Fig 8B). There was no
difference in AL mass (kg/m2) (ANOVA, p=0.588, F=0.322; KW, p=0.807, X2=0.06) between
urban and agricultural watersheds (Fig 8D).
Relationships between riparian characteristics and AL abundance
We compared AL abundance across sites which showed a range of riparian
characteristics, including evidence of loitering, proximity to roads, and presence or absence of
CSOs, bridges, and debris dams. Loitering and road visibility were each associated with more
litter. Sites with definite evidence of loitering had significantly higher AL density than sites with
no evidence of loitering, while sites with possible loitering were intermediate (ANOVA,
p=0.001, F=9.058; KW, p=0.022, X2=7.57; Fig 9A), however, there was no difference in AL
mass relative to loitering (ANOVA, p=0.871, F=0.139; KW, p=0.529, X2=1.274; Fig 9B). Sites
where roads were visible had significantly higher AL density than sites where no roads were
visible (ANOVA, p=0.004, F=9.534; KW, p=0.029, X2=4.777; Fig 10C), although we found
mixed evidence for the influence of road visibility on AL mass (ANOVA, p=0.236, F=1.458;
KW, p=0.006, X2=7.464; Fig 10F). Other factors were unrelated to AL density and AL mass,
including the number of people observed during litter collection (AL density ANOVA, p=0.808,
F=0.214; KW, p=0.729, X2=0.633; AL mass ANOVA p=0.493, F=0.725; KW, p=0.948,
X2=0.106; Fig 10A, Fig 10D) and trail visibility (AL density ANOVA, p=0.170, F=1.977; KW,
p=0.159, X2=1.988; AL mass ANOVA p=0.193, F=1.769; KW, p=0.613, X2=0.256; Fig 10B,
Fig 10E). Last, there were no significant differences in AL density or AL mass according to the
presence of combined sewer outfalls (AL density ANOVA, p=0.118, F=1.426; KW, p=0.160,
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X =1.977; AL mass ANOVA, p=0.743, F=2.583; KW, p=0.451, X =0.567; Fig 11A, Fig 11D),
2

2

bridges (AL density ANOVA, p=0.67, F=0.185; KW, p=0.234, X2=1.414; AL mass ANOVA,
p=0.653, F=0.207; KW, p=0.481, X2=0.496; Fig 11B, Fig 11E), or debris dams (AL density
ANOVA, p=0.375, F=0.809; KW, p=0.789, X2=0.071; AL mass ANOVA, p=0.472, F=0.529;
KW, p=0.101, X2=2.697; Fig 11C, Fig 11F).
Relationships between watershed land use and AL abundance
Across sites, several components of watershed land use were related to AL abundance.
Total AL density (No./m2) was positively related to urban land use (R2= 0.395, p<0.001,
F=20.25; Fig 12A), population density (R2= 0.378, p<0.001, F=18.86; Fig 12B), impervious
surface cover (R2= 0.352, p<0.001, F=16.86; Fig 12D), and negatively related to agricultural
land use (R2= 0.421, p<0.001, F=22.55; Fig 12C) (Table 3). No significant correlations were
found between total AL density and watershed area (R2= 0.011, p=0.564) and there were also no
significant correlations between total AL mass (kg/m2) and any landscape features (Table 3).
We also examined the relationship between watershed land use and each of the AL
categories. Patterns were different across AL types. Plastic, glass, fabric, metal, large, and
miscellaneous all showed positive relationships to urban land use, and negative relationships to
agricultural land use (p<0.040, R2=0.13-0.52; Table 4). In contrast, construction, biodegradable,
and biohazard AL showed no relationships to the relative amount of urban or agricultural land
use (p>0.095; Table 4). Impervious surface showed positive relationships to the amount of glass,
fabric, metal, and miscellaneous (p<0.020, R2=0.16-0.24; Table 4). Forest land use was
positively related only to glass (p=0.040, R2=0.130) and construction (p=0.022, R2=0.158; Table
4). Finally, population density was positively related to plastic, fabric, metal, large, and
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miscellaneous AL density (p<0.047; R =0.121-0.365), and watershed area was unrelated to AL
2

density (Table 4).
Relationships between watershed land use and AL mass showed different patterns than
revealed for AL density. Plastic, metal, large, biodegradable, and biohazard AL showed no
relationships between AL mass and watershed characteristics (Table 5). Fabric mass was only
positively related to forested land use (p=0.008, R2=0.206) and construction AL was only
positively related to watershed area (p=0.020, R2=0.164; Table 5). The mass of miscellaneous
and glass AL showed several significant relationships to watershed land use, including positive
relationships to forested, urban, and impervious surface cover (p<0.05, R2=0.120-0.357) and
negative relationships to agricultural land use (p<0.001, R2=0.293-0.357; Table 5).
Variation in AL assemblage among sites
AL consisted of a diversity of material types, and the relative assemblage varied among
sites. Overall, plastic and glass made up a large proportion of AL density across most streams
(Fig 13A). The exception was Beaver Creek (agricultural stream), which had a low total AL
density and a high proportion of construction materials. Sites with urban riparian land use had
similar AL assemblage, with plastic, glass, miscellaneous, and metal items being the most
numerous (Fig 13A). Streams with agricultural riparian land use had low abundance of AL,
which is reflected in the distinct and variable AL assemblage (e.g., plastic dominating at one
stream and construction materials the other). Streams with forested riparian land use varied in
their assemblage. However, the two streams with forested riparian zones within urban
watersheds have similar assemblages to other urban streams, including high proportions of
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plastic and glass. Construction, metal, and large items dominated the streams when comparing
composition by mass (Fig 13B).
We used NDMS to compare the relative assemblage of AL density with sites categorized
according to riparian land use (forested, agriculture, urban) and by watershed land use
(agriculture and urban). When considered by riparian land use, agricultural, forested, and urban
sites were all distinct from each other (ANOSIM, R=0.677, p<0.001; Fig 14A). Urban sites were
distinguished by the high amount of plastic, miscellaneous, and metal items (Fig 14C). Forested
sites have less total AL but are still very similar to one another in composition. In contrast, the
assemblage of AL at sites with agricultural riparian land use had less total AL but were highly
variable in composition (Fig 14A). When sites were grouped by watershed land use, we saw
significantly distinct groupings (ANOSIM, R=0.510, p<0.001; Fig 14B). Urban sites were
similar to one another while sites with agricultural watershed land use were more variable (Fig
14B).

27

A

B

C

Figure 6. Watershed site characteristics including (A) land use, (B) population density, and (C)
impervious surface cover.
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Table 2. Watershed characteristics listed in order of increasing impervious surface
cover. Abbreviations: Cr = Creek, Rav. = Ravine, Riv.=river, Imp= impervious,
Pop=population

Stream
Somonauk Cr.
Big Rock Cr.
Beaver Cr.
Rush Cr.
North Cr.
Thorn Cr.
Kellog Rav.
Tinley Cr.
Chicago Riv.

Imp.
Surface
(%)
2.3
2.8
4.1
5.1
25.3
25.3
37.1
43.0
51.4

Urban
(%)
9.7
10.4
15.6
16.5
64.0
64.0
80.8
88.2
92.3

Agriculture
(%)
83.5
84.5
77.4
72.1
16.9
16.9
6.1
2.0
0.9

Forest
(%)
6.1
4.9
6.5
10.6
17.8
17.8
11.5
7.3
5.3

Pop.
Density
(No./km2)
44.5
58.2
61.9
118.9
698.2
698.2
2923.5
1425.2
3364.0

Watershed Area
(km2)
224.7
632.4
276.8
502.3
276.8
216.0
480.6
182.2
694.2

29

Figure 7. Anthropogenic litter (AL) density by count (A) and by mass (B) across 9 study streams
(n=3 reaches per stream, except Chicago where n=9) according to riparian land use. The mean is
represented by the dot and the median by the bold line. The limits of each box show the 1st and
3rd quartiles, whiskers show 1.5*Interquartile Range. Small letters in (A) indicate significant
differences among sites using Tukey’s multiple comparison test. Somon = Somonauk Creek.
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Figure 8. AL Density by count (A, B) and by mass (C, D) across riparian land use (A, C)
(Agriculture n=2, Forest n=4, Urban n=3) and watershed land use (B, D) (Agriculture n=4,
Urban n=5). Mean is represented by the dot, median by the bold line. The limits of each box
show the 1st and 3rd quartiles, whiskers show 1.5*Interquartile Range. Small letters in (A)
indicate significant differences among sites using Tukey’s multiple comparison test.
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Figure 9. AL Density by count (A) and by mass (B) across sites displaying evidence of loitering
(None n=24, Possible n=3, Definite n=2). Mean is represented by the filled dot, median by the
bold line, and outliers by the empty dot. The limits of each box show the 1st and 3rd quartiles,
whiskers show 1.5*Interquartile Range. Small letters in (A) indicate significant differences
among sites using Tukey’s multiple comparison test.

Figure 10. AL Density by count (A, B, C) and by mass (D, E, F), categorized by the number of people were observed during collection
(A, D; none n=16, < 10 n=14, 10 to 50 n=3), and visibility of a walking trail (B, E; no n=15, yes n=18), or road (C, F; no n=19, yes
n=14). Mean is represented by the dot, median by the bold line, and outliers by the empty dot. The limits of each box show the 1st and
3rd quartiles, whiskers show 1.5*Interquartile Range. (*) in (C) indicates significant difference.

32

Figure 11. AL Density by count (A, B, C) and by mass (D, E, F) by the presence of CSOs (A, D no n=28, yes n=5), bridges (B, E; no
n=26, yes n=7), or debris dams (C, F; no n=22, yes n=11) within the site. Mean is represented by the dot, median by the bold line, and
outliers by the empty dot. The limits of each box show the 1st and 3rd quartiles, whiskers show 1.5*Interquartile Range.
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Figure 12. Linear regressions showing the relationship between urban (A) impervious surface
(D) and agricultural (C) watershed land use (%) and population density (B). Grey area shows
95% confidence.
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Table 3. Results of linear regression between total anthropogenic litter (AL), measured as
number and mass per square meter, and watershed features. Regressions were conducted across
all stream reaches (N= 33). Abbreviations: pop = population, imp. =impervious. A value of 0.000
indicates <0.001. °= ln transformation
Watershed
Feature
2

Area (km )
Pop. (No/km2)
Forest (%)
Agriculture (%)
Urban (%)
Imp. surface (%)

Total AL Density (No./m2)
p-value
0.556°
0.000°
0.144°
0.000°
0.000°
0.000°

R2
0.011
0.378
0.068
0.421
0.395
0.352

slope
0.001
0.001
0.095
-0.031
0.031
0.051

Total AL Mass (g/m2)
p-value
0.087
0.551°
0.507°
0.989°
0.936°
0.828°

R2
0.092
0.012
0.014
0.000
0.000
0.002

slope
-2.522
0.000
0.072
0.000
-0.001
-0.006

Table 4. Results of linear regression between anthropogenic litter (AL), measured as number per square meter,
and watershed features, for each of the material categories. Regressions were conducted across all reaches (N=
33). Abbreviations: pop = population, imp. =impervious. A value of 0.000 indicates <0.001. (Part 1 of 2). *=sqrt
transformation **=4th root transformation

Watershed
Feature
2

Area (km )
Pop. (No/km2)
Forest (%)
Agriculture (%)
Urban (%)
Imp. surface (%)

2

Area (km )
Pop. (No/km2)
Forest (%)
Agriculture (%)
Urban (%)
Imp. surface (%)

AL Density (No./m2)

p-value
Plastic
0.396**
0.047
0.057**
0.000**
0.000**
0.052
Metal
0.859**
0.004**
0.414*
0.009*
0.010*
0.016*

R2
0.023
0.121
0.112
0.463
0.422
0.117

0.001
0.240
0.022
0.201
0.193
0.176

AL Density (No./m2)

slope

p-value

0.000
0.000
0.018
-0.005
0.005
0.004

Glass
0.564**
0.62
0.040**
0.001**
0.002**
0.006**

0.000
0.000
0.003
-0.001
0.001
0.002

Large
0.721
0.002**
0.606
0.038
0.040
0.056

R2
0.012
0.008
0.130
0.320
0.281
0.218

0.004
0.283
0.009
0.132
0.129
0.113

AL Density (No./m2)

slope

p-value

R2

slope

-0.000
0.000
0.021
-0.004
0.004
0.007

Fabric
0.478
0.023
0.317
0.000*
0.000**
0.020

0.016
0.155
0.032
0.364
0.520
0.163

0.000
0.000
0.002
-0.002
0.005
0.001

-0.000
0.000
0.000
-0.000
0.000
0.001

Construction
0.159** 0.063
0.879
0.001
0.022
0.158
0.223** 0.0475
0.275** 0.038
0.926
0.000

-0.000
0.000
0.005
-0.001
0.001
0.000
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Table 4. Continued (Part 2 of 2)
Watershed
Features
2

Area (km )
Pop. (No/km2)
Forest (%)
Agriculture (%)
Urban (%)
Imp. surface (%)

AL Density (No./m2)
p-value

R2

Biodegradable
0.155
0.064
0.073
0.100
0.823
0.002
0.110
0.080
0.095
0.087
0.068
0.104

AL Density (No./m2)
R2

slope

p-value

0.000
0.000
-0.000
-0.000
0.000
0.000

Biohazard
0.158
0.063
0.120
0.076
0.411
0.022
0.288
0.036
0.231
0.046
0.156
0.064

AL Density (No./m2)
R2

slope

p-value

0.000
0.000
-0.003
-0.000
0.001
0.001

Miscellaneous
0.310** 0.033
0.000** 0.365
0.0951
0.087
0.001*
0.285
0.002*
0.271
0.004*
0.242

slope
0.000
0.000
0.005
-0.002
0.002
0.004
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Table 5. Results of linear regression between anthropogenic litter (AL), measured as mass per square meter,
and watershed features, for each of the material categories. Regressions were conducted across all stream
reaches (N= 33). Abbreviations: pop = population, imp. =impervious. (Part 1 of 2). A value of 0.000
indicates <0.001. *=sqrt transformation, **=4th root transformation, °= ln transformation

Watershed
Feature
2

Area (km )
Pop. (No/km2)
Forest (%)
Agriculture (%)
Urban (%)
Imp. surface (%)

2

Area (km )
Pop. (No/km2)
Forest (%)
Agriculture (%)
Urban (%)
Imp. surface (%)

AL Mass (g/m2)

p-value
Plastic
0.479**
0.073**
0.382**
0.076**
0.090**
0.133**
Metal
0.332
0.428
0.720
0.675
0.701
0.822

R2
0.016
0.100
0.023
0.098
0.090
0.071

0.030
0.020
0.004
0.006
0.005
0.002

AL Mass (g/m2)

slope

p-value

-0.000
0.000
0.017
-0.004
0.004
0.007

Glass
0.906
0.001**
0.049*
0.000*
0.001*
0.001°

-0.483
0.057
7.833
-1.196
1.130
1.154

Large
0.096
0.466
0.134
0.361
0.462
0.696

R2
0.000
0.289
0.120
0.357
0.318
0.289

0.087
0.017
0.071
0.027
0.018
0.005

AL Mass (g/m2)

slope

p-value

R2

slope

0.001
0000
0.105
-0.024
0.023
0.028

Fabric
0.222
0.495
0.008**
0.461
0.702
0.952

0.048
0.015
0.206
0.018
0.005
0.000

-0.040
-0.003
0.089
-0.014
0.074
-0.020

-0.210
0.013
8.288
-0.666
0.554
0.514

Construction
0.020°
0.164
0.627
0.008
0.520°
0.014
0.892
0.001
0.929
0.000
0.924
0.000

-0.005
0.069
0.058
-0.767
0.521
-0.962
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Table 5. Continued (Part 2 of 2)
Watershed
Features
2

Area (km )
Pop. (No/km2)
Forest (%)
Agriculture (%)
Urban (%)
Imp. surface (%)

AL Mass (g/m2)
p-value

R2

Biodegradable
0.125
0.074
0.083
0.094
0.377
0.025
0.235
0.045
0.181
0.057
0.113
0.079

AL Mass (g/m2)

slope

p-value

0.001
0.000
-0.017
-0.003
0.003
0.007

Biohazard
0.125
0.088
0.405
0.232
0.181
0.116

R2
0.074
0.091
0.022
0.046
0.057
0.078

AL Mass (g/m2)
R2

slope

p-value

0.001
0.000
-0.017
-0.003
0.004
0.007

Miscellaneous
0.168
0.060
0.490
0.015
0.050°
0.119
0.001** 0.293
0.002** 0.275
0.004** 0.240

slope
-0.019
0.001
0.093
-0.013
0.013
0.021
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Figure 13. Relative abundance of each AL category by count (A) and mass (B).
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Figure 14. NMDS plots showing the similarities between the composition of the communities of
AL at each site. Groupings show riparian (A) and watershed (B) land use. Vectors driving
community relationships (C). Stress = 0.119. Ellipses show 95% confidence.
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Discussion
Anthropogenic litter is abundant in streams but is unevenly distributed, showing high
variation among different rivers, and across different reaches within an individual river.
Heterogeneity of AL abundance and composition is driven in part due to environmental factors
which operate at the watershed and reach scale. We examined the influence of watershed land
use and reach scale characteristics on AL in rivers and found both offered partial explanatory
power for the abundance, mass, and composition of AL across study sites. A complex
combination of factors influence AL dynamics in streams, and this emerging field of study
requires quantitative assessments in study sites that span a wide gradient of human influence.
Riparian conditions influence stream AL
The characteristics of the riparian zone and features at the reach scale constitute a driving
force on AL abundance and composition. For example, reaches with both urban watershed land
use and urban riparian conditions had the highest AL in this study, more than sites with urban
watershed land use and forested riparian zones, and sites with agricultural land use (with and
without forested riparian zones). We inferred the reason for this pattern was those sites
experience the most direct interaction with visitors and have more AL sources in total (i.e.,
stormwater runoff inputs, combined sewers outfalls). Of the five study streams were within
urban watersheds, two of them had forested riparian zones (North and Tinley Creeks), and
examining those sites individually supported inferences about direct interactions. These two
streams had lower total AL (similar range as agricultural streams) compared to the other three
urban streams, but AL composition was similar across all 5 streams in urban watersheds. This
could be attributed to the number of people in close proximity to stream or the influence of
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vegetation. We did not find a relationship between visitor activity and abundance, however, each
collection was only a few hours long and might not reflect the actual visitation numbers. Another
possibility is that in the forested riparian zone, vegetation may literally ‘filter’ AL otherwise
destined to enter the stream. If this occurred, we might find high AL density in the riparian
vegetation of streams in urban watersheds, however, we did not collect those data. Overall, a
forested riparian zone in a stream situated in an urban watershed may have distinct pattern of AL
abundance compared to sites with similar watershed-scale attributes, but with riparian zones that
facilitate more access and have high impervious surface cover. Understanding AL dynamics in
urban streams requires assessment of both watershed- and riparian-scale features that affect it
composition.
Reaches within agricultural watersheds showed consistently low AL abundance,
including the stream reaches with agricultural and forested riparian zones. We suggest the
riparian zone did not have an effect on AL for streams in agricultural watersheds due to the low
overall abundance, and the composition which suggested direct dumping as a main source.
Under such conditions, the features of the riparian zone do not appear to be a driving influence
on AL characteristics. We note that one combination of characteristics not explored in this study
was stream reaches within predominately agricultural watersheds, but with urban riparian
features (e.g., a stream reach in a rural town). With a study site such as this, we would predict
AL composition would be a combination of those found at other agricultural sites (i.e., large
items typical of dumping), but would also expect more AL overall, including more single-use
litter.
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We examined the relationship between AL in streams and the presence of specific
riparian and in-stream features, which further revealed potential drivers of local factors on AL
dynamics. Riparian characteristics that may allow for ‘isolation’ in urban watersheds could
facilitate littering behavior, including loitering and illegal dumping. Reaches with obvious signs
of loitering (i.e. trampled vegetation, access to banks secluded from established trails,
concentrated areas with food and beverage litter) had the highest average AL abundance by
count. This is consistent with McCormick and Hoellein (2016), who found high density of AL
near evidence of graffiti and alcohol containers in urban riparian zones. Isolated reaches,
regardless of watershed, may also facilitate illegal dumping. For example, AL communities in
Kellog Ravine (within an urban watershed) and Beaver Creek (within an agricultural watershed)
had the highest AL density when measured by mass. Both streams border private property and
the AL composition was dominated by construction materials, so it’s likely these items
originated from the private property and were accidentally or intentionally littered into the
streams. It can be difficult to quantify such activities but understanding how reach characteristics
might facilitate illicit behavior will be one driving factor for AL dynamics across streams.
Accessibility to the stream reach was also a factor that impacted AL dynamics. The
presence of roads was positively correlated to AL abundance, and a similar trend was noted for
trails, supporting a connection between site access and AL inputs through littering. Similarly,
one reach in the Chicago River, located immediately next to picnic tables, contained a
disproportionate amount of glass from beverage bottles when compared to other reaches. This
pattern has also been documented in other studies and is emerging as a consistent trend across a
variety of streams spanning large geographic ranges. Cowger, Gray, and Schultz (2019) found
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that road density was positively correlated with the mass of AL categories including ‘garbage’,
‘recyclables’, ‘metal’ and total litter in large, navigable rivers in the Midwestern US. McCormick
and Hoellein (2016) found that the abundance of plastic, paper, cigarettes, and Styrofoam were
positively related to human activity (i.e., the number of people observed during data collection)
and proximity to trails and parking lots. Kiessling et al. (2019) identified people visiting rivers as
the most likely source of 84-90% of AL collected along riverbanks across Germany. Williams
and Simmons (1999) also found that ‘fly-tipping’ (i.e., illegal dumping ) was more likely to
happen when road access was available near the river. Identifying site-specific, high access areas
is important to account for the variation between reaches with similar land uses, and also an
important starting point for prioritizing reaches for clean-up activities.
Contrary to our predictions, the presence of CSOs, bridges, and debris dams were not
related to the abundance of AL. We expected the physical structure of each could act as obstacles
that retain AL, or that they may be a source of AL as well (i.e., CSO outfalls, and littering from
bridges). We attribute this pattern to the study design, variation among categories, and temporal
dynamics. First, our analysis included 30 m reaches, and if these features were present, they were
placed at the center of the reach. Since AL at the structure was combined with AL data from the
rest of the 30 m reach, this scale might have masked their influence. In addition, the structures
also were highly variable in size and shape, even in the same category. The bridges included
vehicular and pedestrian-only structures, with variable orientation of support beams, both of
which might obscure the influence of bridges on AL as a single category. Finally, this study
took place during base flow, but the role of CSOs as an AL input occurs during floods when AL
inputs and downstream transport occur simultaneously.
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While there are relatively few studies which have examined the impact of constructed
features or debris dams on AL dynamics, there is some evidence for their impacts on AL
composition. Poletti and Landberg (In press) found that locations with debris dams and beaver
dam analogs in an urban stream had significantly more AL than sites without them. The authors
also observed that riparian litter increased following large flood events. CSOs are also known
point sources of AL, particularly of hygiene products found in raw sewage (Williams &
Simmons, 1999). We propose that future studies examine the influence of retention structures on
AL abundance at small spatial scale (5-10 m2), and across storm events to better understand their
role on AL input and retention in streams.
Watershed-scale land use is related to AL abundance and composition
As predicted, streams within urban watersheds had more litter (as No./m2), a greater
diversity of AL materials than forested or agricultural streams and showed similar AL
composition across sites. Streams in urban watersheds were dominated by single-use items (e.g.,
glass and plastic) which we attributed to the increased likelihood of littering and stormwater
runoff. These data supported a relatively straightforward mechanistic relationship: more potential
sources (i.e., stormwater, combined sewers, littering) in an urban watershed led to a greater
density of similar categories of AL. However, the positive relationship between urban land use
and AL density explained a modest amount of variation (R2 = 0.395). Since urban land use is by
definition connected to increased population density and impervious surface cover, all these
components together account for the higher AL density.
We expected that streams with greater agricultural land use at the watershed scale would
have less AL than urban sites, and the data largely supported our prediction. At the watershed
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scale, AL showed a lower density in agricultural sites than urban ones, although the statistical
comparison varied by test (e.g., ANOVA vs. K-W). Similarly, agricultural land-use was
negatively related to a suite of AL material types, including plastic, glass, fabric, metal, large,
and miscellaneous. A clear pattern to emerge was that communities in agricultural watersheds
were more heterogeneous in composition among streams than those in urban watersheds, and
that AL items in agricultural streams tended to be heavier (i.e., total mass was similar to reaches
in urban watersheds despite having fewer items overall). We attribute this pattern to lower
population density and the potential for illegal dumping. Urban sites were more commonly
situated in publicly owned parks or between private property of relatively small lots (i.e.,
homes). In contrast, access to rivers in agricultural watersheds are more likely to be isolated or
along private property consisting of large agricultural fields, allowing for illegal dumping of
larger materials to occur. For example, we found items such as a toilet, car muffler, and cinder
blocks in agricultural streams not directly adjacent to public property. These larger, heavier items
in agricultural streams were found at sites with relatively little of the lightweight, single use AL
items typical of direct littering from visitors and common in urban streams.
Our study did not include a watershed that was mostly forested, due to the land-use
patterns for this region, so these data do not offer an assessment of AL dynamics in a watershed
dominated by forest cover or other natural conditions (i.e., prairie). If such a watershed existed in
northeast Illinois, we would expect it to show lower AL density than urban watersheds, and
perhaps a similar composition to the agricultural watersheds. That is, sources of AL in rural,
forested watersheds are likely be more limited than urban sites, and dependent upon access to
visitors that might engage in direct littering or illegal dumping, similar to the inferred dynamics
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in agricultural watersheds in this study. We suggest future studies which examine land use and
AL dynamics include watersheds with gradients of forested land use to generate quantitative
relationships.
The study of AL dynamics in rivers is at a relatively early stage, and few other studies
have quantified relationships between watershed-scale land use in relationship to AL abundance,
mass, or composition. In their analysis of AL data collected through volunteer cleanups from
large, navigable rivers in the Midwestern US, Cowger, Gray, and Schultz (2019) found a positive
correlation between developed (i.e. urban) land use and abundance of AL they categorized as
‘garbage’ (defined as small, single use, and light weight items likely to be littered), but not total
AL. This is similar to our results as the abundance of small, single-use, and lightweight items
was high in urban sties compared to agricultural ones. Other analyses have not found a
relationship between land-use and AL. McCormick and Hoellein (2016) studied AL in streams in
the Chicago metropolitan area, and found no significant relationship between watershed urban
land use and AL abundance. The authors noted all of their reaches were within urban or
suburban watersheds, and thus contained a narrower gradient of watershed characteristics than
this study. Rech et al. (2015) also saw no relationship between AL density and land use between
the headwaters and mouths of Chilean streams. Finally, Williams and Simmons (1999) observed
that streams with more industrial land use were most susceptible to illegal dumping than other
sites. The authors concluded that the isolated nature of many industrial sites facilitated illegal
dumping, similar to our conclusions for agricultural streams.
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Conclusions
AL is ubiquitous, found in all reaches examined in this study, and commonly encountered
in flowing waters worldwide. Quantifying relationships between the abundance, mass, and
composition of AL and watershed- and local-scale features, as well as human behavior, is needed
to inform models of AL input, retention, and transport. These data are also critical to isolate
dominant sources at sites which span various combinations of characteristics, and thereby
support efforts to mitigate AL pollution and transport downstream. Given that variation in AL is
explained by factors which act at watershed and reach scales, implementing a diversity of
management strategies will be required to reduce inputs, inform efficient removal plans, and
guide public policy on waste management and litter prevention.

CHAPTER 3
AL ASSESSMENT METHODS
Introduction
The abundance, distribution, and ecological impacts of anthropogenic litter (i.e., trash;
AL) are topics of scientific inquiry in ecosystems worldwide (Robinson, 2009; Barnes et al.,
2009; Jambeck et al., 2015; Worm et al., 2017; Hoellein & Rochman, 2021). AL includes a
diversity of materials- including items made of plastic, glass, wood, paper, and metal- and a
wide range of sizes- from plastic fragments to kitchen appliances (McCormick & Hoellein, 2016;
van Emmerik & Schwarz, 2020). Production of consumer goods with limited useful lifespans has
accelerated in the past half century, increasing waste generation, leading to more AL in the
environment. For example, in 2015, 380 million megatons (Mt) of plastic were produced
globally, compared to 2 Mt in 1950 (Geyer, 2017), and in 2010, 4.8-12.7 Mt of plastic entered
the ocean from the world’s coastal countries (Jambek et al., 2015).
Depending on size and material type, AL retained in ecosystems can interact with
organisms in complex ways. Metal debris from abandoned offshore rigging and plastic litter in
urban streams provide habitat for fish and aquatic insects respectively. (Caselle et al., 2002;
Wilson et al., 2021). Ingestion and entanglement of organisms with plastic items has also been
well documented for invertebrates, fish, birds, and mammals (Benedict & Billeter, 2004; Barnes
et al., 2009; Foley et al., 2018). Biohazardous waste, including diapers and feminine hygiene
products, can introduce pathogens to the environment (Williams & Simmons, 1999). The unique
50
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surface properties of AL substrates (e.g., plastic), alter aquatic microbial communities by
selecting for subsets of species and increasing dispersal (Harrison et al., 2014; Hoellein et al.,
2014; McCormick et al., 2014). Accurate, material-specific assessment of AL abundance and
ecosystem role is needed to support research focused on how AL influences biological
interactions and ecosystem health.
While much of AL research has focused on marine habitats, AL also enters, interacts
with, and moves through riverine ecosystems (van Emmerik & Schwarz, 2020; Hoellein &
Rochman, 2021). Once AL enters rivers, it can be retained (i.e., short, long-term, or permanent
time scales), degraded, or moved downstream (Hoellein & Rochman, 2021). Patterns for
retention and transport of AL are mediated by discharge, watershed characteristics, and stream
channel features, and vary according to the physical characteristics of AL items. AL is more
likely to be retained under low or base flow conditions, and mobilized during flood events
(Williams & Simmons 1997). Increased impervious surface cover (i.e., concrete) in watersheds
and channelization of urban waterways generates higher flow rates and more powerful floods
that dislodge embedded or entangled items (Walsh et al., 2005), including AL. Buoyant AL (e.g.,
lightweight plastic such as polystyrene and polypropylene) is especially mobile and likely to be
transported downstream (Rech et al., 2014), while heavy items deposited into sediment (e.g.,
glass, metal) can become re-suspended only during the most intense flood events, or may be
retained permanently (McCormick and Hoellein 2016). Flexible plastic can become entangled on
vegetation and debris in the river and riparian zone, and thereby move between terrestrial and
aquatic ecosystems between flood periods (Williams & Simmons, 1997; McCormick & Hoellein,
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2016). Measuring AL retained in rivers and identifying it by category will help quantify its
sources and impacts on riverine ecosystems.
Developing accurate techniques that measure the abundance and composition of AL in
rivers is a challenge because AL varies in material, shape, and size. A shortcoming of some
current methods in AL research is that categories and units used to describe AL are inconsistent
across studies, and reveal different aspects of AL abundance (Earll et al., 2000; Hoellein et al.,
2015; Baldwin et al., 2016; González-Fernández & Hanke, 2017). For example, categorizing AL
as 'plastic' uses a single term to describe different items (e.g., small shreds of grocery bags, large
PVC pipes) with different sources and management applications. Similarly, quantifying AL by
mass (g/m2), volume (m3/m2), or count (Number (No.)/m2) results in different conclusions about
abundance due to variation in material mass and density. Studies of microplastics (i.e., pieces of
plastic smaller than 5 mm) demonstrate that an item can be abundant by count, but represent a
relatively low mass, even when added together (Eriksen et al., 2013). Conversely, electrical
appliances occur rarely by count but, because of their large size, generate a high value for AL
abundance by mass or volume (Robinson, 2009). AL measurements require standardization to
enhance comparisons across studies, extrapolate to large scales, and inform emerging needs for
ecosystem mangers.
AL is largely unregulated in the United States; however, some governance bodies have
developed policies to classify AL as a pollutant and will require protocols for ecosystem
managers to determine compliance. Total Maximum Daily Loads (TMDLs) are used to monitor
concentrations of pollutants like phosphorous, nitrogen, and metals, and have been used for other
types of pollution like heat sources and sediment (Miano et al., 2018). California has developed a
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TMDL for trash (i.e., AL) within state waters (California Regional Water Quality Control Board,
2007). If trash is present in concentrations higher than the TMDL permits, the water body will be
listed as ‘impaired’ and further mitigation strategies must be implemented. However, no
standardized method yet exists for assessing compliance (State of California, 2012).
Currently, the Southern California Coastal Water Research Project (SCCWRP) and the
San Francisco Estuary Institute (SFEI) are working with California state regulatory agencies to
develop methods that accurately assess AL in wadable streams which are also realistic for
managers to implement as part of their existing assessment protocol. Two of these assessments
use visual detection of AL, which does not require the time-consuming act of physical collection.
The first method assigns a qualitative score of 1-12 (i.e., 1 = lowest AL, 12 = highest AL
pollution), by using a rubric of narrative statements after a visual inspection of the reach. The
second approach is a visual tally method, where visible AL is counted, but not removed. After
conducting visual methods, AL is manually collected and quantified AL off-site. Since 2018,
SCCWRP and SFEI have been measuring AL using all 3 methods with California state
assessment teams, analyzing their efficacy. To date, the methods have been applied to sites in
California, however, it is unclear how rapid AL assessment methods might operate in locations
that differ in climate, hydrology, and watershed geomorphology. In particular, streams in the
Midwestern US show different precipitation patterns, flow regimes, stream gradients, benthic
substrates, and seasonality than California streams. Quantifying AL assessment methods across
sites is needed to determine their capacity for widespread use.
The objectives of this study are to measure AL in streams across northeastern Illinois, to
address the questions: 1) How well do the rapid AL assessment methods measure the total
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abundance of AL? and 2) Are rapid methods more ‘sensitive’ to certain categories of AL than
others? For the former, we predicted rapid assessment results would be positively correlated
with results from manual collection but will underestimate the total AL on site. For the latter, we
predicted large, metal, colorful items would be accurately counted, while items that are small,
transparent, or likely to accumulate in layers would be underestimated by the visual tally.
Finally, we compared AL density with traditional metrics of ecosystem health: macroinvertebrate
and fish index of biological integrity (mIBI and fIBI, respectively). We predicted there will be a
strong negative correlation between AL and IBI scores in urban reaches because AL and
pollutants share common sources (i.e., stormwater runoff, wastewater), while there would be no
relationship between AL and IBI score in agricultural reaches because AL and pollutants do not
share common sources (fertilizer runoff). Results will inform management, regulation, and
policy regarding AL in stream ecosystems.
Materials and Methods
Study reaches
We selected 9 study streams in northeastern Illinois that represented a range of riparian
land use conditions and ecosystem bioassessment metrics (i.e., mIBI and fIMI). The riparian land
use, mIBI, and fIBI data were obtained from the Illinois Environmental Protection Agency
(IEPA) and collected in 2016-2017. Each stream was visited before collection to ensure it was
safe and shallow enough to collect from at base flow.
At each stream, we delineated three, 30 m reaches for AL quantification. The exception
was the North Branch Chicago River, where nine reaches were assessed. The nine reaches were
an artifact of a separate study based on proximity to stream features (i.e., bridges, debris dams,
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and sewer outfalls) (Fig 15) and are included because the same methods were used and
collections were conducted in the same time period as this regional study. To quantify AL
density, we followed the AL collection protocol established by the SCCWRP Field Testing and
Analysis Plan (Moore and Hale, 2018). Assessment teams ranged in size from 3-6 people, but
always had the same team leader (Table 6). Collections took place in fall 2018 and spring-fall
2019 (Table 6) and during base flow conditions.
At each 30 m reach, we measured stream width across 3 transects: Transect A (the
upstream end), Transect B (15 m downstream of A), and Transect C (30 m downstream of A)
(Fig 16). At each transect, both wetted and bankfull width were measured and marker flags were
placed at bankfull width. As part of the SCCWRP protocol, we collected data about stream
features using a short survey (Fig 17), including factors such as the ease of access of each bank
and if a trail, road, or parking lot was visible. Whenever possible, a reach was delineated such
that any obvious structural feature such as a bridge, debris dam, or sewer outfall was at its
midpoint (transect B). If these features were not present, the reaches were separated by a
minimum of a 2 m buffer.
AL Assessment
Prior to collection day, assessment team members familiarized themselves with the data
sheet in the SCWRRP protocol that included categories: plastic, fabric/cloth, large,
biodegradable, biohazard, construction, glass, metal, and miscellaneous, and the specific items
within each (Fig 18). Next, the team conducted AL assessment in the following order: qualitative
visual assessment, visual tally, and manual collection.
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To determine the qualitative assessment score, teams started at Transect C (downstream
end) and slowly walked upstream to minimize any impact of sediment disturbance. We observed
the amount of AL that was visible within the bankfull width, including underwater. Assessors
then discussed the amount of AL we observed relative to the narrative statements in the
qualitative rubric (Fig 19). The score does not reflect any counting of AL, but is meant to
quantify the researchers' impressions of how much of the reach was covered by AL. After this
conversation, the team leader assigned a score of 1-12 to the reach (1=lowest AL, 12=highest
AL).
Next, to conduct the visual tally, the assessment team walked the reach again, working
from downstream to upstream. This time, each assessor was assigned a ‘section’ within the
bankfull width to focus their attention. These sections were roughly 1-5 m wide (depending on
the width of the stream and number of team members) and ran the length of the stream reach
from Transect C to Transect A. While walking, each person called out the number and type of
AL as they saw to the team leader, who recorded the tally on the data sheet. At the boundaries of
each section, the assessors took care to confirm which pieces of AL had been recorded. If the
section was wider than the assessor could effectively see, they moved through it in a serpentine
pattern.
The final step in AL assessment was manual collection. Assessors once again walked the
reach from downstream to upstream, and this time collected every piece of AL from their section
and placed them into buckets to be brought back to the lab. For sections that were especially
dense with AL (for example, banks with high amounts of broken glass), the entire team worked
through the section together. If a piece of AL was too large or dangerous to remove from the
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reach, we recorded the dimensions and took a picture (McCormick and Hoellein 2016). All AL
was brought back to the lab where it was rinsed, dried, categorized, counted, and weighed. AL
that was < 1 cm in size or completely buried under benthic substrate was not considered for this
study. We acknowledge that some items might have been missed by the assessment team (e.g.,
partially buried, obscured by biofilms, or < 1cm), however, the manual AL measurement
represented the 'actual' AL abundance at the reach for comparison with the rapid methods
(qualitative score and visual tally).
Data Analysis
The qualitative score is a unitless metric from 1-12, and the visual tally and manual
collection methods generate AL results in number of items per reach area (i.e., density; No/m2).
We used parametric and non-parametric statistics as the data were a mix of both normal and nonnormal distributions, similar to past work on AL (McNeish et al. 2018, Lazcano et al. 2020).
First, we compared AL density among sites (measured as qualitative score, visual tally, and
manual collection) using Kruskal-Wallis test and analysis of variance (ANOVA) (kruskal.test()
and aov() in the R statistical program). Significant ANOVA results were followed by Tukey’s
multiple comparison test. We used linear regressions to compare AL assessment results at each
reach (qualitative vs. visual, qualitative vs. manual, and visual vs. manual) as well as to compare
visual tally and manual collection results for each category of AL individually. Linear
regressions were also used to determine the strength of the correlations between the results of
each of the AL assessment methods with both the mIBI and the fIBI. Each regression was run
using lm() in the R statistical program and tested for normality using the Shapiro-Wilk test
(shapiro.test() in R) and visualization of a Q-Q plot. If data was non-normal, it was transformed
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using square root, natural log, or 4 root transformations. If normality couldn’t be achieved, even
th

after these transformations, untransformed data was used for analysis. Last, we conducted a nonmetric multidimensional scaling (NMDS) analysis (metaMDS() in R), comparing the reaches
based on combined mIBI, fIBI, qualitative AL score, visual AL tally, and manual AL density
(N=33). We then performed an analysis of similarity (ANOSIM) using the anosim() from the
Vegan package in R to determine if groupings of sites were significantly different based on
riparian land use.

Table 6. Location, dates, and times of each collection, reach area and velocity, and size of assessment teams.
Site Name

Sample Date

Bunker Hill- Debris Dam
Bunker Hill- Bridge
Bunker Hill- CSO

11/12/2018
11/12/2018
11/16/2018

Reach
Area (m2)
641.25
756.75
555

Discharge Time
Latitude
(m3/s)
Spent
0.948
1:20 42.000108
0.948
1:54 42.000195
0.948
1:54 42.008768

-87.783519
-87.784441
-87.793093

Team
Size
6
6
3

Bunker Hill- No Feature
La Bagh- Bridge
Tinley Creek- 1
Tinley Creek- 2
Tinley Creek- 3
Thaddeus Woods- Debris Dam
Thaddeus Woods- Bridge

11/16/2018
6/11/2019
6/27/2019
6/28/2019
6/29/2019
7/9/2019
7/9/2019

743.25
591
316.9
294.75
276.2
531.4
758.25

0.948
0.465
0.465
0.465
1.133
1.133

1:42
1:59
0:50
0:38
0:40
1:45
3:15

41.999721
41.97821
41.644898
41.645283
41.644596
41.989832
41.990152

-87.785627
-87.740765
-87.766493
-87.765932
-87.76689
-87.764965
-87.76591

3
4
4
4
4
5
5

Thaddeus Woods- No Feature
Thaddeus Woods- CSO
Thorn Creek- 1
Thorn Creek- 2
Thorn Creek- 3
Kellog Ravine- 1
Kellog Ravine- 2

7/10/2019
7/10/2019
7/11/2019
7/11/2019
7/11/2019
7/23/2019
7/23/2019

549.75
827.25
347.25
345.75
334.5
157.5
221.25

1.133
1.133
0.150
0.150
0.150
0.116
0.116

0:42
2:20
1:52
0:50
1:05
0:30
1:05

41.98983
41.990193
41.502675
41.503049
41.503399
42.465098
42.465195

-87.764984
-87.766149
-87.646527
-87.646224
-87.646095
-87.818599
-87.81965

5
5
4
4
4
5
5

Kellog Ravine- 3
Rush Creek- 1
Rush Creek- 2

7/23/2019
7/31/2019
7/31/2019

163.5
274.5
222.75

0.116
0.327
0.327

0:40
0:45
0:30

42.465146
42.27923
42.279152

-87.818051
-88.687354
-88.686898

5
4
4

Longitude

59

Table 6. Continued (Part 2 of 2)
Sample
Site Name
Date
Rush Creek- 3
7/31/2019
Beaver Creek- 1
8/1/2019

Reach
Area (m2)
268.5
315.75

Discharge
(m3/s)
0.327
0.052

Time Spent

Latitude

Longitude

Team Size

0:28
0:35

42.279367
42.355223

-88.686625
-88.803464

4
4

Beaver Creek- 2
Beaver Creek- 3
Somonauk Creek- 1
Somonauk Creek- 2
Somonauk Creek- 3
Big Rock- 1
Big Rock- 2

8/1/2019
8/1/2019
8/5/2019
8/5/2019
8/5/2019
8/6/2019
8/6/2019

272.25
310.5
583.5
474.75
628.5
671.25
449.25

0.052
0.052
0.196
0.196
0.196
1.030
1.030

0:46
0:25
0:45
0:40
0:35
0:45
0:28

42.355532
42.355697
41.635778
41.636411
41.637022
41.731472
41.731878

-88.802968
-88.802572
-88.652064
-88.651764
-88.651468
-88.506696
-88.506865

4
4
4
4
4
5
5

Big Rock- 3
North Creek- 1
North Creek- 2
North Creek- 3

8/6/2019
9/20/2019
9/20/2019
9/20/2019

650.25
307.5
306
278.25

1.030
0.070
0.070
0.070

0:50
0:58
0:40
0:47

41.732293
41.552324
41.552551
41.552505

-88.506913
-87.591301
-87.593133
-87.592478

5
5
5
5
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A

B

Figure 15. Maps of (A) Reach locations chosen within the N. Branch of the Chicago River for
their proximity to stream features, and (B) Streams selected across Illinois based on riparian land
use and biological quality measurements from the IEPA. Relationships to these features are not
the focus of this study.

Figure 16. Diagram of the assessment area (yellow), showing how the transects were arranged
along the length and width of the reach.
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Figure 17. Image of page 1 of the field data collection sheet, including statements and questions
about stie data.
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Figure 18. List of the defined categories and items associated with them. Assessment team
members familiarized themselves with this categorization system prior to each collection.
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Figure 19. Image of the qualitative assessment rubric.

65
Results
Total AL Density
All three methods of AL measurement showed the general pattern of higher AL density
in urban streams than agricultural and forested reaches (Fig 20). Two urban streams, the Chicago
River and Thorn Creek, had significantly higher qualitative scores than all forested and
agricultural streams, while a third urban stream, Kellog Ravine, was intermediate (ANOVA,
p<0.001, F=10.87; KW, p=0.002, X2=24.02; Fig 20A). The mean qualitative score of all the
streams with agricultural and forested land use were < 3, which indicated a low density of AL
(Fig 20A). Urban streams Kellog Ravine and Thorn Creek had significantly higher density than
all other streams as measured by the visual tally (ANOVA, p<0.001, F=11.19; KW, p=0.001,
X2=25.38; Fig. 20B). Results for the manual collection method followed this pattern with Kellog
Ravine and Thorn Creek having significantly higher AL density than all other streams except the
Chicago River, which was intermediate (ANOVA, p<0.001, F=8.907; KW, p=0.001, X2=25.20;
Fig 20C).
We compared results generated from the three AL assessment methods with one another
using linear regression. The qualitative method was positively related with both the visual tally
method and the manual collection method (Visual R2= 0.28, p= 0.001, Fig 21A; Manual
R2=0.64, p<0.001; Fig 21B). Positive correlations were driven by the qualitative scores for urban
reaches which spanned a wide range of variation throughout the regression, while the range of
qualitative scores for agricultural or forested reaches were lower and less variable. Linear
regressions between the manual and visual methods showed a strong positive relationship
(R2=0.72, p<0.001; Fig 21C). In this comparison, the manual collection method represents the
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'actual' AL density, and deviation from that value in the visual method represents
underestimation. Examining the distribution of points along the reference line shows the visual
and manual method generated similar results at the low-density reaches, but at the high-density
reaches the visual method underestimated AL relative to the manual method (Figure 21C).
AL Density by Category
We compared AL abundance for each category as detected by the visual tally and manual
collection methods using scatterplots to visualize the relative underestimation among categories
(Fig 22). We also used linear regressions, much like the total AL densities, to compare how
predictive the visual method was for each category. The categories plastic, glass, and fabric
showed a strong positive relationship between the visual tally and manual collection results
(plastic R2=0.80, p<0.001; glass R2=0.872, p<0.001; fabric R2=0.71, p<0.001; Table 7).
However, due to the clear underestimation by the visual tally, we grouped plastic, glass, and
fabric together as ‘cryptic’ AL (Table 7).
Construction, large, and metal AL showed a different pattern than ‘cryptic’ categories
when considering regression results. The visual tally method was predictive of AL across all
three categories (construction R2=0.687, p<0.001; metal R2=0.72, p<0.001; large R2=0.41,
p=0.019; Table 7), they were more readily detected during the visual tally, so we grouped them
together as ‘conspicuous’ AL.
Finally, we grouped biodegradable, biohazardous, and miscellaneous were the least
common materials and showed variable patterns when comparing visual tally and manual
collection results. Biodegradable items were found at only 12 of 33 reaches and there was no
relationship between visual and manual metrics of AL density (R2= 0.028, p=0.606; Table 7).
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Biohazardous items were found at 12 of 33 reaches, and there was a positive relationship
between visual tally and manual collection (R2= 0.94, p<0.001; Table 7). However, results from
this category were influenced by 1 reach with a high abundance of paint chips, which was
distinct from all the other reaches. Finally, miscellaneous items were a visually heterogeneous
group of items (e.g., bright white golf balls and brown ceramic), the visual method was a strong
predictor of the actual AL density (R2= 0.60, p<0.001), with some underestimation with the
visual method (Table 7) .
AL Metrics and Biological Metrics
By design, the streams had a broad range of fish and macroinvertebrate biotic index
scores, generated by the Illinois EPA. The mIBI has a maximum value of 100, and the fIBI has a
maximum value of 60, where lower values indicate degraded conditions. The mIBI ranged from
56.08-73.86 in agricultural streams, 38.11-89.96 in forested streams, and 32.81-43.35 in urban
streams (Table 8). The fIBI ranged from 47-58 in agricultural streams, 19-56 in forested streams,
and 12-24 in urban streams (Table 8). We used a linear regression to compare the mIBI and fIBI
at each site which demonstrated a significant relationship between these 2 indices (R2= 0.73,
p<0.001; Fig 23).
We used linear regression to compare the mIBI and fIBI scores with each of the 3 metrics
of AL assessment across streams. The qualitative assessment had significant, negative
relationships with the biological metrics (mIBI R2=0.328, p<0.001, Fig 24A; fIBI R2=0.358,
p<0.001, Fig 24B). The visual tally showed the strongest significant, negative relationship with
mIBI (R2=0.46, p<0.001; Fig 24C) and fIBI (R2=0.33, p<0.001, Fig 24D). Manual AL collection
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also showed a significant negative relationship to the mIBI (R =0.40, p<0.001; Fig 24E) and
fIBI (R2=0.37, p<0.001, Fig 24F).
Last, we conducted a non-metric multidimensional scaling (NMDS) analysis, comparing
the reaches based on combined mIBI, fIBI, qualitative AL score, visual AL tally, and manual AL
density (N=33). The ordination showed agricultural and forested reaches were similar to each
other, both with lower densities of AL and higher biological quality than urban sites (Fig 25).
The urban reaches were distinct from the other land uses (ANOSIM R=0.651, p<0.001), with
higher AL density and lower biological quality (Fig 25). Among urban reaches, the Chicago
River reaches showed some distinction from the other urban sites, likely due to higher
qualitative scores compared to other urban sites (Fig 25).
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Figure 20. Qualitative scores (A) and anthropogenic litter (AL) density as measured by visual
tally (B) and manual collection (C) in 9 study streams (n=3 reaches per stream, except Chicago
where n=9) according to riparian land use. The mean is represented by the dot and the median by
the bold line. The limits of each box show the 1st and 3rd quartiles, whiskers show
1.5*Interquartile Range. Small letters indicate significant differences among reaches using
Tukey’s multiple comparison test. Somonauk Creek abbreviated to “Somon.”.
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Figure 21. Linear regressions showing the relationship of qualitative scores and anthropogenic
litter (AL) density as measured by the visual tally (A) and manual collection (B) and the between
AL density as measured by the visual and manual methods (C). “Agriculture”, “Forest”, and
“Urban” refer to the riparian land use. Reference line in (C) indicates if the visual and manual
method measured the same AL density. Grey area shows 95% confidence.

Figure 22. Scatter plots showing the relationship between anthropogenic litter (AL) density as measured by the visual method and
manual method for “cryptic” categories of AL, including plastic (A), glass (B), fabric (C), “conspicuous” categories of AL, including
construction (D), metal (E), and large (F), and “other” categories of biodegradable (G), biohazardous (H), and miscellaneous (I).
“Agriculture”, “Forest”, and “Urban” refer to the riparian land use of each site. Diagonal dotted reference line has a slope of 1 and
would indicate the visual and manual method measured the same AL density. Grey area shows 95% confidence.
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Table 7. Results of linear regressions comparing the AL density of each category as measured by
the visual and manual method at each reach. Bold text indicates a significant result. *=sqrt
transformation, **=4th root transformation.

Other

Conspicuous

Cryptic

Regression Results
Category

R2

p-value

Plastic**

0.80

< 0.001

Glass

0.872

< 0.001

Fabric*

0.71

< 0.001

Construction

0.687

< 0.001

Large**

0.41

0.019

Metal*

0.72

< 0.001

Biodegradable*

0.028

0.606

Biohazardous*

0.94

< 0.001

Misc.**

0.60

< 0.001

Table 8. Macroinvertebrate index of biological integrity (mIBI) and fish IBI (fIBI) scores of each
stream as measured by the Illinois EPA (N=1 per stream).
Stream
Beaver
Rush
Big Rock
Somonauk
Tinley
North
Chicago
Kellog
Thorn

Riparian Land Use
Agricultural
Agricultural
Forest
Forest
Forest
Forest
Urban
Urban
Urban

mIBI
56.08
73.86
89.96
75.96
69.23
38.11
35.05
32.81
43.35

fIBI
47
58
56
41
25
19
12
21
24
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Figure 23. Linear regression showing the relationship between the macroinvertebrate index of
biological integrity (mIBI) and fish IBI (fIBI) in each stream, as measured by the Illinois EPA.
“Agriculture”, “Forest”, and “Urban” refer to the riparian land use of each site. Grey area shows
95% confidence.
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Figure 24. Linear regressions of the mIBI and AL density measured by the qualitative score (A),
visual tally (C), and manual collection (E), and the relationship between the fIBI and the AL
density measured by the qualitative score (B), visual tally (D), and manual collection (F).
“Agriculture”, “Forest”, and “Urban” refers to the riparian land use of each site. Grey area shows
95% confidence.
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Figure 25. Non-metric multidimensional scaling (NMDS) analyses illustrating the similarities
between the combined assessment scores of each stream, including macroinvertebrate index of
biological integrity (mIBI), fish IBI (fIBI), qualitative anthropogenic litter (AL) score (Qual.),
AL visual tally (Visual) and AL manual tally (Manual). Stress = 0.028. Ellipses show 95%
confidence.
Discussion
Rapid AL assessments are needed to determine AL density for environmental managers, who
face practical time and labor constraints that can preclude manual collection of all AL. Newly
developed rapid AL assessments will benefit from refinement to produce the best possible
estimates of AL pollution under varying watershed conditions. Our results show the relative
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strengths and shortcomings of rapid AL assessment using either a qualitative score or visual
survey and illustrate varying degrees of resolution and sensitivity to different material types.
Collectively, the results suggest a potential decision framework for ecosystem managers to select
rapid assessment methods according to conditions and management needs, and well as correction
factors which can be applied on a material-specific basis to generate in situ estimates.
Effectiveness of rapid assessments across streams of different land use
All three methods showed that sites with agricultural or forested land use had significantly
lower AL density and urban sites have higher total AL density. This pattern is in line with our
predictions, and simply reflects that AL is more likely to occur in urban rivers because there are
more people generating litter. In addition, urban rivers are used for storm and wastewater
infrastructure, which are inputs of AL to rivers, and move AL from the landscape into rivers
(Williams & Simmons, 1999). Similar patterns have been shown in other studies. McCormick &
Hoellein, (2016) showed a trend that AL density in rivers in northeast Illinois was higher in more
densely populated watersheds. However, the pattern was not statistically significant, which the
authors indicated was due to the low range of urban land use across the study sites (i.e., all were
in urban, suburban contexts). Cowger, Gray, and Schultz (2019) found a positive correlation
between developed (i.e. urban) land use and abundance of AL they categorized as ‘garbage’
(defined as small, single use, and light weight items likely to be littered), but not total AL.
Across a broad range of population density, AL density was higher on urban beaches of Lake
Michigan compared to rural, sparsely populated areas (Hoellein et al., 2015).
While the two rapid assessments (i.e., qualitative score and visual tally) showed similar
patterns to the total AL abundance across the land use categories, they produced different
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rankings in the relative scores across the three urban streams. The qualitative score showed that
the Chicago River had the highest AL density, while the visual tally showed it had the third
highest AL density (after Kellog Ravine and Thorn Creek). We attribute this discrepancy to
public awareness of the Chicago River, which is well-known regionally as a highly polluted
river. Pre-conceived biases about the river might have affected the assessors’ application of the
qualitative score. In addition, part of the directions to the assessors state: "If trash is in piles,
imagine the trash spread out through the entire [assessment] area." At wide sites, this could
generate an overestimation of the AL via the qualitative score. The Chicago River was the widest
of the urban study sites, which may facilitate this cognitive bias. Future refinements in the
qualitative score could include adjustments to the instructions to minimize confounding variables
such as differences in site width and assessor biases based on site name or personal history with
the location.
As we expected, the visual tally method was predictive of AL abundance patterns relative to
the manual collection, however, the visual tally consistently underestimated total AL at the sites
where it was most abundant. We suggest this pattern was due the way AL accumulates at high
density sites and potential limitations in the ability of researchers to sustain accuracy in visual
reporting. The visual tally method was most accurate at sites with low AL because when less
trash is present, it is more likely that assessors will be able to record all the litter upon visual
inspection. When the reach has large amounts of AL it is easier to overlook individual pieces,
some of which can be layered on top of one another (McCormick and Hoellein, 2016). In
addition, when a team is conducting field work, there are time restraints for travel, organization,
data collection, and assessor fatigue. Time constraints make particularly ‘trashy’ reaches
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challenging places to conduct detailed visual assessment. Challenges for visual assessment in
high AL sites could be exacerbated if visual methods are used by managers or state regulators
with other assessments to accomplish. Despite this underestimation, however, our data showed
that the visual tally was predictive of the total AL within a reach as measured by manual
collection. This pattern held true even though we conducted assessments on multiple reaches
each day and with teams made up of different members throughout collections. This consistency
suggests further improvements in the visual tally are possible by considering the sensitivity of
the methods to individual material types.
Rapid methods are more ‘sensitive’ to some AL types
The rapid assessments studied are visual, so obvious-looking materials are more likely to
be counted than those which are less readily discerned by eye. Plastic, fabric, and glass were
underestimated by the visual tally method across sites. The reasons for the undercount were most
likely camouflage by biofilms and mud, layering of items on top of each other, and in some
cases, transparency of the material itself. Thus, AL items of plastic, fabric, and glass can be
easily mistaken for organic litter or natural materials, making them more difficult to accurately
count. In contrast, metal, large, and construction AL items were accurately counted via visual
assessment, likely because they were shiny, large, and had obviously manufactured shapes. We
propose the terminology ‘cryptic’ and ‘conspicuous’ to describe this distinction in visibility (Fig
26). Conspicuous AL will be most accurately accounted for by visual assessment methods, while
cryptic will be more likely underestimated and require calibration with manual collection to
determine potential correction factors.
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Underestimation of cryptic AL items occurred in a predictable rate, suggesting the visual
tally is a valuable tool for assessment when applying material-specific adjustment. For example,
linear regression between manual AL density and visual AL density for plastic showed a
significant relationship with the equation: y = (2.603x + 0.327)4, (y = AL density via manual
collection, x = AL density via visual tally). This means that if 0.2 pieces of plastic per square
meter were detected by the visual tally, it would be corrected to 0.51 pieces per square meter
using the equation for the line from the regression (0.51 = (2.603(0.2) + 0.327)4). Similar
correction factors could be applied to cryptic categories of glass and fabric from regression
analyses of the individual AL material types. Correction would not be necessary for conspicuous
categories of AL. Altogether, the patterns for the categories of AL types offer a roadmap towards
efficient AL assessment with visual tally, followed by relatively straightforward calculations to
estimate in situ AL density.
Comparison to other studies
As this is a new field of study, there are few other similar analyses of rapid AL
assessment, and most focus only on the amount of floatable plastic in rivers, rather than the
entire suite of AL. Rapid assessments of floating plastics use trash capture devices or cameras.
Capture devices such as booms passively capture floating plastic. Researchers can subsample,
categorize, and quantify the plastic that is captured to estimate total load of floating plastic litter
over some longer period of time (Gasperi et al., 2014). Bridges have been used as structures to
observe floating plastic litter across the width of large rivers with live observers or via camera
recordings (González-Fernández & Hanke, 2017; van Emmerik et al., 2018). Researchers tally
observations or assess recordings and use calibration factors to estimate the size of items that
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pass by and extrapolate to different hydrologic conditions and time periods. While both of these
methods require less time and effort than manual AL collection (especially from non-wadable
sites), they only capture a portion of total AL that is commonly found in rivers and have not yet
been calibrated to manual AL density as was done in the current study.
AL metrics relation to IBIs
The concept of a rapid assessment method for AL is relatively new, however, using
communities of organisms to assess ecosystem health has a long history of use in stream
management. Scores for mIBI and fIBI are compared across streams or compared through time
for an individual stream to infer ecosystem health (Fausch, Karr & Yant, 1984; Santucci,
Gephard & Pescitelli, 2005; Zhu & Chang, 2008). IBI scores are widely used by management
agencies, and we selected the study sites for this project which represented a gradient of
biological IBI scores, as data were available from the state of Illinois.
As expected, our results showed sites with lower IBI scores had significantly more AL.
However, the regressions explained a relatively modest amount of variation. The reason for the
negative relationship is most likely that factors which drive low IBI scores in streams, are also
contributing to high AL density. Wastewater, stormwater runoff, and higher impervious surface
cover in urban streams increase the ‘flashiness’ of urban stream discharge which moves AL into
rivers, introduces chemical pollutants, and disturbs sensitive macroinvertebrate and fish species
(Walsh et al., 2005). Urban streams are also used for wastewater infrastructure, introducing litter
via combined sewer overflows and stormwater runoff, and impacting stream biota due to low
oxygen and wastewater effluent (i.e., chemicals and nutrients)(Paul & Meyer, 2001). Finally, AL
may interact with stream organisms directly, including negative impacts (e.g., chemicals
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leeching from plastic, ingestion or entanglement; Barnes et al., 2009; Rochman et al., 2013;
Foley et al., 2018) and positive effects (e.g., providing habitat for macroinvertebrates; Wilson et
al., 2021). Due to the complex nature of the relationship between AL and stream organisms,
more analysis is needed to refine the underlying mechanisms and the most useful approach for
interpreting connections between the AL and IBI scores. For example, in this study, the analysis
for mIBI and fIBI, completed by Illinois EPA, were done at a different time from the AL
collections. More robust analyses could be completed if the assessments were conducted
synchronously.
Application to stream management and volunteer efforts
Our analysis of AL assessment methods allows for preliminary suggestions on best
practices in AL assessments for streams in the study region, with respect to achieving accuracy
in the data while maximizing efficiency of effort (Fig 27). We conclude the qualitative
assessment is not yet the best method for predicting accurate AL densities. Given additional
revision and recalibration with more data, however, the approach is poised to improve. In its
current state, we suggest the qualitative score may work best to as a general tool for prioritizing
sites by broad variation of AL impairment level.
In our view, the most accurate method for AL assessment is manual collection, and we
suggest that, where possible, managers are best informed using manual collection and sorting.
This approach is most efficiently conducted at low-density sites where AL can be picked up
easily while other stream assessments are taking place. Managers can predict which sites those
are based on land-use and IBI scores. The sites with high agricultural land use and higher IBI
scores are more likely to show low AL density. Where time or staffing constraints do not allow
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for manual collection, we suggest the visual tally as the next best option for use in urban streams,
followed by application of a correction factor for cryptic AL material types. Since sites within
urban watersheds are more likely to have higher AL densities, it is more likely that rapid AL
assessments are needed in urban streams for quick and accurate assessing of AL by ecosystem
managers. However, we note the correction factors presented here reflect a relatively modest
number of sites included in this study. We propose correction factors will improve when subject
to additional calibration, in order to maximize applicability of the analyses to sites with different
flow regimes and land use types.
The availability of reliable and rapid AL assessment protocols extends beyond ecosystem
management and may offer tools for data collection on AL by community scientists. Volunteer
cleanup groups are common sources of AL data across ecosystems including freshwater and
marine habitats (Hoellein et al., 2015; Rech et al., 2015; Cowger et al., 2019; Kiessling et al.,
2019, 2021; Chen et al., 2020) and may also be an outlet for successful use and testing of rapid
AL assessments. Volunteer-generated data is considered a community science (formerly citizen
science) approach to data collection that offers unique insights into AL dynamics over long time
scales and across large spatial scales. A significant challenge in community science data is the
variation in methodology, including categories of AL used, recording of the time and effort of
volunteers, and tracking of the area studied (Hoellein et al., 2015; Rech et al., 2015; Cowger et
al., 2019). The qualitative score and visual tally methods in this analysis can be conducted with a
trained team leader and a volunteer team that is familiar with the categorization scheme. If
volunteer groups conducted rapid assessments along with manual AL collection, these datasets
could be an asset for future analyses of assessment methods’ performance.
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Conclusions
AL interacts with stream ecosystems in complicated ways, and as a novel pollutant, the
dynamics of AL movement and ecological impact of AL is an emerging focus of study.
Measuring the efficacy and accuracy of rapid assessment methods is an important first step in
quantifying AL in ecosystems where it may become a regulated pollutant. Quantifying the total
abundance of AL, as well as proportions of the material types, will help to predict its sources,
fate, and potential prevention strategies. Accurate and practical rapid methods are also important
for regulators who face time and labor constrains in determining the degree to which individual
streams will be considered impaired by of AL. Next steps include implementing these methods
as part of stream health monitoring that is already taking place and proving their efficacy in even
more stream contexts.

84
A

C

B

D

Figure 26. Examples of cryptic (A, B) and conspicuous (C, D) AL.

85

Figure 27. A suggested rapid anthropogenic litter (AL) assessment protocol, designed to
maximize efficiency and accuracy of AL measurement by stream ecosystem managers.
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